Eruptive activity of Mount Sakurajima
Mount Sakurajima is an andesitic stratovolcano located at the southern rim of Aira caldera, in southern Kyushu ( Fig. 1) . A Plinian eruption occurred at the Aira caldera 22 ka and Sakurajima started its activity as a post-caldera cone of the caldera 20 ka (Aramaki, 1984) . The eruptive history and geology of Mount Sakurajima are summarized systematically by Kobayashi and Ezaki (1996) and Fukuyama (1978) , respectively. The following descriptions mainly follow these references.
Sakurajima is composed of two summit cones, Kita-dake and Minami-dake (Fig. 2) . Eruptive activity occurred at Kitadake until 5 ka, then moved to Minami-dake after that. Since 2 ka, repeated flank and summit eruptions have occurred at the Minami-dake summit crater. Large eruptions occurred on the flank in AD 764, 1471 AD 764, -1476 AD 764, , 1779 AD 764, , 1914 AD 764, and 1946 
Selection of JERS-1 SAR data
Most of Mount Sakurajima is thickly covered by vegetation. For this surface condition, L-band SAR is most effective in producing a complete interferogram, as demonstrated by Koike et al. (2002) . This is the main reason why we have used JERS-1 L-band SAR data, with microwave wavelengths of 23.5 cm, for topographic change analysis. L-band microwaves can penetrate through foliage and be scattered at the ground surface. The disadvantage for shorter wavelength C-band SAR data, from satellites such as RADARSAT and ERS-1/2, is that it is difficult to produce a complete interferogram due to the large temporal changeability in backscattering intensity of vegetation at those wavelengths.
Mount Sakurajima lies on the right side of the JERS-1 SAR scene of path 49 and row 248. The study area is a square region that is 10 km long in both E-W and N-S dimensions within the scene. We have taken the small eruptions that occurred during Table 1. do not overlap with each other.
Following the procedures by Koike et al. (2002) 
Production of phase-difference maps
Differential In-SAR analysis using three SAR datasets consists of three steps: the first is generation of an initial interferogram by coregistering two SLC images; the second is flattening to removes orbital fringes; and the third is removal of topographic fringes from the flattened interferogram and production of a phase-difference map to estimate elevation changes that occurred between the two acquisition dates. Ten tie points selected uniformly on the image pair and the affine transformation of the first-order polynomial were used for the accurate coregistration. Figure 3 shows the flattened interferograms that are superimposed on the intensity images.
According to the orbital information, the baseline lengths (denoted by B) of the three pairs are (1) 45 m, (2) 55 m, and (3) 307 m. The differentiation of phase difference (φ ) with respect to topographic elevation (h), is expressed by:
where θ, α, λ, and R are inclination angle of the baseline, offnadir angle, microwave wavelength, and slant range, respectively. Using this equation, the height differences per fringe cycle for the three pairs in Figure 3 are calculated to be (1) 491 m, (2) 446 m, and (3) 126 m.
The topographic fringes can be estimated by the orbital specifications and the 20-mesh DEM that is interpolated from the original DEM. We use the two-dimensional optimization principle method (Shiono et al., 1987) , which constructs the smoothest surface from irregularly spaced data, for the interpolation. As an example, the topographic fringes estimated for pair (3) are shown in Figure 4 . It is clear that the fringe patterns correspond to the flattened interferogram obtained from SAR image processing (Fig. 3) . These same features were found in the topographic fringes estimated for pairs (1) and (2). Therefore, the flattened interferograms are confirmed to express properly the topography of Mount Sakurajima. The results of removing the estimated topographic fringes from the flattened interferograms are depicted in Figure 5 , with the superimpositions on the intensity images.
Estimation of topographic changes from phase-difference maps
To estimate vertical displacements from the phase-difference map shown in Figure 5 , a simple model of topographic change accompanied by pressure change in a magma reservoir beneath the volcano is constructed. This magma reservoir is regarded as a pressure source. Assuming the source reservoir to be spherical, the vertical displacement (Δh) at a horizontal distance (R) from the center of the pressure source can be calculated by the following equation after Yamakawa (1955) : (2) where D, a, μ, and P are the depth of the center of the source, the radius of the source, the rigidity of the crust, and the change in pressure, respectively. The values of D, a, μ, and |P| are defined as 10 km, 1 km, 3×10 7 dyn/m 2 , and 6×10 10 Pa after those estimated for the volcanic activity of Mount Sakurajima by Mogi (1958) .
Two vertical movement patterns accompanied by positive, P = 6×10 10 Pa, and negative, P = 6×10 10 Pa, pressure change, which correspond to uplift and subsidence of the terrain surface, respectively, are considered. Using the DEM of Mount Sakurajima and the general orbit specifications of JERS-1 for the study area, two phase-difference maps were produced, as shown in Figure 6 . The center of the pressure source is located just beneath Minami-dake. In both maps, displacement decreases gradually away from the center toward the periphery.
Let the displacements on the southern boundary be the ref-
erence; the phase differences of one cycle (0-2π) are colored Analysis of Topographic Change at Mount Sakurajima, South Kyushu, Japan, using JERS-1 SAR Interferometry 
Results of topographic change analysis and discussion
We set the northeast coast of Sakurajima as the displacement reference because this area can be regarded as having no displacement during the study period. The colors in the three phase-difference maps (Fig. 5 ) change generally from a reference color of magenta to blue, light blue, and green around the craters. These color orders suggest that topographic changes are related to subsidence and/or erosion based on the above criterion. According to Ishihara (1998) , the total volume of volcanic ash falls in 1996 was the smallest since the start of the comprehensive observation in 1974 and the activity of Mount Sakurajima was relatively low. The displacements near the craters were estimated to be larger than several cm, which exceeds the displacements expected due to volcanic activity during a short period. Taking these features into consideration, it is reasonable to conclude that the topographic changes estimated from the phase-difference maps are the result of erosion by rainfall.
Monthly rainfall observations made at a station near Kitadake are summarized in Figure 7 . The total rainfall during the period of each pair increases from pair (3) to pair (1) to pair (2).
While the portions colored by green around the craters that show relatively large displacements are not seen in the phase-difference map for pair (3), those are the most conspicuous for the map for pair (2). These relationships between the rainfall and the estimated displacements confirm that erosion is the main cause of topographic change. Minami-dake (the region enclosed by an ellipse in Figure 8 ).
Although some of the phase-differences may be an artifact of the weather conditions, e.g., as a result of the delay of microwaves due to increased water vapor of the air, note that the erosion amounts estimated for the northern Kita-dake are relatively large and common to the three pairs and the portions with the greatest amounts are distributed linearly. The northern parts of Kita-dake are overlain primarily by pumice. Therefore, these areas are easily eroded as compared to the areas in the south that are overlain chiefly by lave and deep erosional valleys are developed as shown in Figure 9 . Volcanic products tend to be deposited preferentially on the southwestern slopes as a result of the weather conditions, which is one of the factors affecting the distribution of erosion. To expand the discussion on the effect of rainfall on erosion, erosion depths were averaged for the gullies in the region for each SAR data pair (Figure 8 ). These depths were correlated with the total precipitation corresponding to the timing of each data pair. Here, we selected rainfall periods with precipitation rates higher than 10 mm/h, because most debris flows on Mount Sakurajima are known to be triggered by rainfall of this intensity. Although the number of data is limited to only three, Figure   11 shows a strong linear correlation between the average erosion depth in gullies and the total precipitation. This trend suggests that the erosion events are mainly caused by debris flows.
In addition, Jitousono et al. (1999) reported that average erosion speed in a river basin on the northern slope of Kita-dake was estimated to be about 1.7 cm/y in 1997 based on field observations of material in the river water and flow rate of the rivers.
This rate assumes that the ground surface of the basin was eroded at a constant rate. Because this is a spatial average, the magnitude is smaller than the erosion depth for pair (3) in the gullies. Therefore, the order of erosion speed detected by Differential In-SAR may be harmonious with the field observations. Analysis of Topographic Change at Mount Sakurajima, South Kyushu, Japan, using JERS-1 SAR Interferometry Figure 11 . Relationship between the average of erosion depth in gullies and total precipitation over 10 mm/h for each corresponding data-pair period. The regression line for this relationship is overlapped.
